Hardware and software advances are making real time 3D graphics part of all mainstream computers. World-Wide Web sites encoded in Virtual Reality Modeling Language or other formats allow users across the Internet to share virtual 3D "worlds". As the supporting software and hardware become increasingly powerful, the usability of the current 3D navigation interfaces becomes the limiting factor to the wide-spread application of 3D technologies. In this paper, we analyze the human factors issues in designing a usable navigation interface, such as interface metaphor, integration and separation of multiple degrees of freedom, mode switching, isotonic versus isometric control, seamless merger of the 3D navigation devices with the GUI pointing and scrolling devices and two-handed input. We propose a dual joystick navigation interface design based on a real world metaphor (bulldozer), and present an experimental evaluation. Results showed that the proposed bulldozer interface outperformed the status quo mouse-mapping interface in maze travelling and free flying tasks by 25% to 50%. Limitations of and possible future improvements to the bulldozer interface are also presented.
INTRODUCTION
We live in a three-dimensional (3D) world. Technological advances in computer graphics hardware, software and display systems will soon make real time 3D capabilities available to all mainstream computer systems. Furthermore, 3D
1. Mode switching. It is known that mode switching in user interfaces in general should be avoided. Mode switching causes inconsistent response to the same input. For the same mouse movement, the results are different depending on the current mode. It is well known that when consistent mapping exists, human information processing behavior tends to become an "automatic process" which requires little central capacity, attention or effort. In contrast, when consistent mapping is absent, human behavior tends to be a "controlled processes" which requires effort, attentive resource and central capacity [10, 11] .
2. In many of these modes, cursor motions are mapped to movement "speed". The farther one moves the cursor from the initial click position, the faster the movement is. In other words, cursor displacement is used for rate control, which is well suited for navigation where smooth and controllable speed is desirable. Experiments have shown that effective rate control requires a self-centering mechanism in devices such as isometric 3 or elastic joysticks. Isotonic devices such as the mouse are poor in rate control tasks [14] . Note that when one uses a rate controlled joystick such as the TrackPoint TM in IBM's notebook computers to do virtual world navigation with today's VRML interfaces, the self-centering effect in the joystick is not utilized, since the self-centering variable (force) is not directly mapped onto the speed.
Clearly we need to search for different devices, techniques and metaphors to replace the status-quo navigation interface.
One apparent choice is the 6 DOF hand controllers such as the Spaceball™ (see [14] for a review of 6 DOF devices).
Several reasons lessen the feasibility of this option. First, these devices have been relatively expensive due to the small market size and they are not integrated with the general GUI interface (e.g. pointing), thus preventing a critical mass of user population to overcome the bootstrap situation. More importantly, these devices are designed primarily as "manipulation", not as "navigation" devices. Although both manipulation and navigation require multiple degrees of freedom controllability and they are mathematically equivalent problems, they may differ significantly in the human factors. When we manipulate objects, the multiple degrees of freedom tend to be integrated. People do not distinguish various degrees of freedom when tying shoe laces or swinging a golf club. On the other hand when we move (navigate) in real world, we rarely use all the 6 degrees of freedom simultaneously. We primarily stay on a 2D surface, move in a given direction (x-and z-translation) or turn around (y-rotation). We may move up and down (y translation) when proper means are available such as stairs and elevators. Except in gymnastics, large amount of pitch (x-rotation) and roll (z-rotation) rarely happen to our body.
Based on these observations and the criteria outlined in the introduction, we developed the bulldozer interface for VRML (or any other 3D interface) navigation.
THE BULLDOZER INTERFACE
The bulldozer interface is based on a dual-joystick configuration used by two hands. Although such a concept can be implemented with any pair of elastic or isometric joysticks, we chose TrackPoint TM, the pointing stick used in IBM notebook computers for the current implementation. The circuit of both the joysticks connects to a single PS2 mouse port and communicates with various operating systems through the TrackPoint IV driver. There are currently two ergonomic designs to dual joystick input. One is to integrate the joysticks into the keyboard control surface, one below the C, V and one bellow M, N keys. The second design is a wrist-pad instrumented with two sticks (Figure 2 ). In both of the designs the two TrackPoints are used as general GUI input devices: one can be used as a pointing device and the other for scrolling.
Research has shown such two-handed scrolling and pointing is more efficient than traditional graphical scrollbar solution [17] . We gained deeper understanding of navigation in the iterative process of designing and testing various mapping schemes of the bulldozer interface. For example, we assumed that it would be advantageous to allow simultaneous turning and moving forward as in a real bulldozer. However, pilot testing showed this design to be inferior to making these two types of movement mutually exclusive. This is probably due to the need for separation of degrees of freedom in navigation tasks.
When both moving forward and rotation are simultaneously available, it was difficult for the user to move straight ahead without wandering in different directions. Imagine how difficult it would be to move a shopping cart that has four, instead of two (front) rotating wheels. In fact there are poorly designed travel cases that do have four rotating rollers that offer too many simultaneous degrees of freedom. Note that in real bulldozers (or shopping carts), yaw (y-rotation) and z-translation are partially simultaneously available, but the constraints (the non-rotating back wheels in shopping carts and the linear tracks in bulldozers) make unintended rotations less likely to happen. Systematically exploring similar physical constraints in the virtual bulldozer interface should be explored in future work.
Further along the issue of separating degrees of freedom, we intentionally introduced a dead space in the transfer functions to reduce possible coupling between degrees of freedom. For example, when a user is intending to move forward and pushes both sticks forward, the two force vectors may not be perfectly parallel, and the slight angle between the two force vectors would produce an unintended up or down movement. The transfer functions introduced a buffer region in which a translation action is filtered out when it constitutes less than 30% of the total translation. This is also useful to remove any noise in the data. Also implemented in the transfer functions are the different sensitivity constants for each degree of freedom. Our observation has been that moving forward should be the most sensitive and yaw motion the least sensitive compared to other degrees of freedom.
The bulldozer software consists of a VRML browser, the TrackPoint IV driver, a Java applet and a Netscape plugin. The VRML browser, the Netscape TrackPoint plugin, the driver and the applet concurrently run on the system (Figure 4 ).
TrackPoint data is buffered in the driver, until the Netscape plugin issues a poll to the driver, in which case the message array in the plugin is filled with the latest TrackPoint data. The Java applet polls the plugin in a loop (GET-PROCESS), and gets the collected TrackPoint data. Then, these data are processed in the applet to calculate the new viewpoint position and orientation. Finally, the applet sends out new events to the VRML Browser through its External Authoring Interface (EAI)
to update the scene appropriately. This GET-PROCESS loop in the applet is executed repeatedly. The bulldozer software runs on an IBM PC with a 100MHz Pentium processor and a Rendition Verite based graphics accelerator card. 10 frames per second (fps) update rate was achieved with the Worldview TM VRML browser.
Comparing against the criteria we outlined in the introduction, the bulldozer interface offers the following promise:
1. Integration with existing GUI devices, interfaces and applications. The dual joystick offers multiple functions. For example, while one of the joysticks offers the usual pointing function, the other on the non-dominant hand can be used for scrolling, eliminating the need of using the scroll bar. Studies have shown such a dual stream pointing and scrolling interface offers significant advantages in document (e.g. web) browsing tasks [17] . Incorporated into the keyboard and the wrist-pad, the dual joystick design can also be used for two-handed menu operations [1, 6] or two-handed graphical
Tasks
The experimental tasks were chosen to represent typical maneuvers in virtual 3D world navigation. Two VRML worlds were designed for the experiment. The first VRML world was a maze with a single tunnel path that consisted of three sections: A. Wide tunnel with occasional turns; B. Narrow tunnel with frequent turns; C. Wide roads with occasional barricades the subject had to jump over or move underneath. Figure 5 shows the overview and the subject's view of the maze. In the experiment subjects were required to move along the tunnel as quickly as possible, starting from section A, all the way through the maze without "accidents" (hitting on wall or barricade). When accidents did happen, they were required to backup and then continue. The backup time was a penalty added to the total completion time. Timing for each section was recorded separately. The sections from A to C were designed to increase in difficulty of navigation.
During pilot experiments, we observed that the mouse interface performed well when the turns were not too sharp. We therefore designed both wide and narrow sections in the maze task. We expected the bulldozer interface to outperform the mouse interface in section B (narrow) and section C (barricade). In section C, in addition to moving forward and turning, the subjects also had to move up and down to avoid the barricades. The second VRML world used in the experiment consisted of three 3D targets with varying heights and orientations. Each target object had a red rectangle on its surface. The subjects were asked to adjust their orientation in front of each red rectangle and then pass through it on all three targets in a given order. Although the subjects were not required to follow a particular path and were allowed to fly freely between the objects, they had to adjust their 3D position and orientation to successfully pass through each rectangle. Figure 6 shows one of the three targets in the second VRML world. 
Subjects
A total of 12 subjects participated in the experiment, 3 females and 9 males. Most of them were between 20 to 30 years of age. All twelve subjects were regular users of the mouse. Eight of them used isometric joystick regularly, three subjects had little experience and one had no previous experience with isometric joystick. Daily computer usage among subjects varied from less than an hour (2 subjects), to above 10 hours (1 subject), with most of the subjects using between 4 to 10 hours. Eight of the subjects had played action computer games more than 20 times in the past, four of them had not.
A within-subjects, order balanced design was used in this experiment. Each subject was tested on both the bulldozer and the mouse interface. Six subjects performed with the bulldozer interface first, followed by the mouse; the rest of the subjects had the reverse order.
With each interface, the subjects were first given instructions on the usage of the input device for navigation, and then they were allowed to practice, which lasted as long as the subjects needed to explore the different degrees of freedom available
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(typically less than 10 minutes). Following the practice session, the subjects proceeded to the navigation tasks in the two VRML worlds. Navigation with each interface in each VRML world was repeated three times to examine learning effects.
A subjective evaluation questionnaire was given to the subjects immediately upon completion of all tasks with each interface. The total experiment for each subject lasted less than an hour. Participation in the experiments was voluntary. A motivating cash award was set for the top performer whose total navigation time (with both interfaces) was the shortest. Figure 7 shows the mean completion times with 95% confidence bars shown for the three sections of the maze. A repeated measure variance analysis showed that subjects' performance with the bulldozer interface was statistically faster than the mouse in all three sections (A, B, C). While performance in the wide section of the maze was already significant (F 1,11 =8.89, p < 0.05), greater differences were measured in the narrow and barricade sections (F 1,11 =14,96, p < 0.005 and F 1,11 =66,05, p < 0.0001 respectively). Taking the mouse condition as the reference, on the average subjects performed 25%
Results
faster with the bulldozer interface in the wide section of the maze. In the narrow section, the difference was 32% and in the barricade section it rose up to 50%. A statistically significant learning effect was also observed in the wide and narrow sections of the maze based on trial comparisons. No significant interface ordering effects were observed. The mean completion times for the free flying task were also significantly shorter for the bulldozer interface compared to the mouse interface at the level of 0.01 (F 1,11 =10.72, p < 0.005). Subjects on the average performed 41% faster with the bulldozer (Figure 7) . While no ordering effect was observed, a significant learning was observed. The shortest completion times were all achieved with the bulldozer interface in the third trials but by different subjects (t A =29s, t B =37s, t C =11s, t F =27s).
Subjective Evaluation
In the first set of questions subjects were asked to rate general characteristics of both of the methods. In all of the rating dimensions the bulldozer interface received a higher score than the mouse interface (Figure 8 ). In particular, the mouse was found to be frustrating, while the bulldozer was more stimulating.
In the second set of questions, subjects evaluated specific characteristics of the methods such as learning, usage, predictability and speed (Figure 8 ). While subjects rated the ease of learning and usage of operations equally well, the bulldozer interface was rated to be more predictable. The speed in both conditions was found to be moderate, which was about 10 frames per second on the average. 
General Subjective Evaluation

CONLUSIONS AND DISCUSSIONS
The experiment results showed that the bulldozer interface provided a clear and substantial amount of advantage over the status quo mouse-mapping interface, both in terms of navigation performance and in terms of user's preference. Although all of the subjects had more experience with the mouse, their mean navigation performance was faster with the bulldozer interface in all conditions. Even the subject with no previous experience with the isometric joystick performed 26% faster in the wide section of the maze, 46% and 48% in the narrow and barricade sections, respectively. Furthermore, the advantage of the bulldozer interface became greater in more difficult tasks, such as narrower tunnels with more frequent turns.
